The identification of the genes involved in the common, complex, polygenic disorders has proven to be difficult. Family-based screening techniques, such as lod score or sib-pair linkage analyses, generally lack the power to detect genes with a small effect (1, 2) . Our studies have shown that for behavioral variables the percentage of the variance accounted for by each gene is usually quite small at less than 1.5% (3, 4) . Although association studies have the power to detect these small effects, it has been suggested that genome screening using association studies and random single nucleotide polymorphisms (SNPs) may require a very large number of polymorphisms (5) . These observations suggest that the most efficient approach to studying disorders that are due to the additive effect of multiple genes is to examine the additive effect of multiple candidate genes.
A number of studies have reported the association of individual genes with various personality traits. For example, the DRD4 gene has been reported to be associated with novelty seeking (6) (7) (8) (9) (10) , the DRD2 and DAT1 genes have been reported to be associated with novelty seeking (9) and schizoid avoidant behavior (11) , and several serotonin genes have been reported to be associated with a range of traits (12) (13) (14) . However, as is generally typical of reports of single genes with complex polygenic traits, there are also many negative reports (8, (15) (16) (17) (18) (19) . We have previously suggested that this is the expected outcome of studies of polygenic inheritance, where each gene accounts for only a small percentage of the total variance and where there is a great degree of genetic heterogeneity (20, 21) . We have proposed that the most efficient method of examining polygenic disorders that are due to the additive effect of multiple genes is to examine the additive effect of multiple candidate genes and to examine the additive effect of functionally related groups of genes (3).
We have previously described a multivariate analysis of associations (MAA) technique to assist in this goal (3, 4) . In the present study, we utilized the MAA technique to examine the relative effect of different functional groups of genes for the personality traits in the temperament and character inventory (TCI). Cloninger (22) initially proposed three basic temperament personality dimensions: novelty seeking, harm avoidance, and reward dependence. He suggested that novelty seeking primarily utilized dopamine pathways, harm avoidance utilized serotonin pathways, and reward dependence utilized norepinephrine pathways. Twin studies have shown that approximately 50% of the variance of personality traits is genetic (23 -26) . Since these traits play an important role in behavior, including substance abuse, pathological gambling, other risk-taking behaviors, and behavior in general, the identification of the genes involved will be important for understanding human behavior.
Because of its emphasis on examining the effect of groups of functionally related genes, the MAA technique was well suited to examine the relati6e role of dopamine, serotonin, and norepinephrine genes in these traits. To determine if these genes actually accounted for the majority of the genetic variance, we have also examined genes affecting the other functional groups of genes, such as GABA, opioid, other neurotransmitter, sex hormone, and other hormone genes (4). The study was carried out in a series of male subjects consisting of 81 college students and 123 individuals with a range of substance abuse disorders. The mean age of the student group was 32.9 years (SD 7.3) and of the substance abuse group was 40.8 years (SD 7.4). All subjects were administered the TCI (27, 28) . Since both age and substance abuse can affect the total trait scores, the dependent variable consisted of the residual scores after covarying for age and diagnostic group.
We have tested the following three hypotheses: 1) The Cloninger hypothesis (22) . This proposes that genes affecting dopamine, serotonin, and norepinephrine are predominately and respectively involved in novelty seeking, harm avoidance, and reward dependence. For the sake of the present study, we will assume predominant means 51% or more of the genetic variance or approximately 25% or more of the total variance. 2) A modified Cloninger hypothesis. As mentioned above, we have found that it is rare for a single gene to account for more than 1.5% of the variance of a given behavioral trait. Since there are a limited number of specific dopamine, serotonin, and norepinephrine genes, this observation might make it unlikely that a single neurotransmitter pathway would account for more than 25% of the variance of any personality trait. Thus, a modified Cloninger hypothesis is that novelty seeking would have the highest optimized total variance for the dopamine genes, reward dependence would have the highest for the serotonin genes, and harm avoidance would have the highest for norepinephrine genes, but none of the totals would exceed 25%. 3) A general polygenic hypothesis. The final hypothesis tested is that for each of the three traits other groups of genes will play as much or more a role than dopamine, serotonin, or norepinephrine genes. In addition, the use of different genotypes of the same genes may be just as important as the use of different genes (29) .
Methods Subjects
We collected DNA samples and performed extensive personality testing on a series of students from a local university (California State University at San Bernardino) and subjects from a veterans administration hospital addiction treatment unit (ATU). To avoid gender as a confounding variable and to allow the assessment of X-linked genes without the complication of heterozygotes in only some subjects, we have examined only males in both groups. To avoid the confounding variable of race, the study was restricted to non-Hispanic Caucasians. This produced a final group of 81 students and 123 ATU subjects, 204 in all. The mean age of the control group was 32.9 years (SD 7.3) and of the ATU group was 40.8 years (SD 7.4). All subjects were administered the TCI (27) . The Levene test for homogeneity of variance for comparing the students and the ATU subjects was non-significant for all but cooperativeness. The SPSS statistical package was used (SPSS, Inc, Chicago, IL) for the ANOVA, test of homogeneity, and multivariate analyses. The study and the consent forms were approved by the Internal Review Boards of the City of Hope and Loma Linda University.
Test instrument
After obtaining written informed consent, a blood sample was obtained for genetic studies, and the subjects were administered the TCI (27) . This con-sists of seven main personality traits, some of which were divided into sub-traits. In the present study, we have examined only the major traits.
Genes and polymorphisms
The majority of the genes and polymorphisms examined have been reported previously (3, 4) . The following are the additional genes used in this study and references for the polymorphisms used. For SNPs, 11 = 1, 12 =2, and 22 =3. The coding is given for the repeat polymorphisms. The gene symbols are listed at www.gdb.org. Those that are X-linked are so indicated. More than one polymorphism was examined for some genes (DRD2, HTT, TDO2, HTR2A, and AR). Dopamine genes: DRD2 ins/del (30) . Serotonin genes: HTT (SLC6A4) VNTR (31); HTR2C (X-linked) Hinf I (32); TDO2 G/T Dpn II (33) . Norepinephrine genes: ADRB1 (50, 51) . This represents 63 polymorphisms and 59 genes. We find that as long as two polymorphisms at a single locus are not in significant linkage disequilibrium, the results with two polymorphisms will be evaluated as though they were separate genes, even though they are listed for a single gene. In general, only one of the two was included in the regression equation.
Results
The MAA technique provides six pieces of information about the genes involved in a complex trait: 1) which genes are included in the equation; 2) the fraction of the variance attributed to each included gene; 3) the level of significance for each included gene; 4) the relative involvement of the different genotypes of each involved gene for each trait; 5) the sum of the variance of functional groups of genes for each trait; 6) the ratio of the variance for each gene group to all the other gene groups for each trait. The first four pieces of information are shown in Fig. 2A ,B, the fifth is shown in Fig. 3 , and the sixth is shown in Fig. 4 . The method of diagrammatically representing the gene codes is shown in Fig. 1 . As discussed previously (3), for autosomal genes, there are 12 modes of inheritance. These include two modes each for codominant, dominant, and recessive inheritance and six modes for heterosis. There are two modes for X-linked genes in males. As an example of the diagrammatic representation of these modes, as shown in Fig. 1 
Individual genes
The results for the temperament traits are shown in Fig. 2A . For novelty seeking, three genes, TPH, GABRB1, and OXYR, were significant at p 50.01, and 11 were significant at p 50.05. For harm avoidance, 5 genes, TPH, ADRA2A, GABRB3, CNRA4, and ADOR2A, were significant at p5 0.01, and 12 were significant at p 50.05. For reward dependence, four genes, DRD4, PNMT, APOE, and CYP19, were significant at p50.1, and 11 were significant at p 50.05. For persis- tence, only one gene, HTR2A, was significant at p 50.01, and eight were significant at p 50.05. The results for the character traits are shown in Fig. 2B . For cooperativeness, eight genes, DAT1, PNMT, GABRA6, NMDAR1, CNRA4, CYP19, SBP, and OXYR, were significant at p50.01, and 17 were significant at p50.05. For self-directedness, two genes, CNRA4 and ADOR2A, were sig- 3 . Percentage of the total variance for all genes accounted for by the total variance for each functional group of genes, i.e., dopamine, serotonin, norepinephrine, GABA, opioid, other neurotransmitters, other, sex hormone, and other hormone genes. This shows that for reward dependence the total variance for the norepinephrine genes was greater than for any other group of genes. It also illustrates that for novelty seeking the total variance for serotonin, GABA, and other hormone genes was greater than for dopamine genes. Finally, it shows that for harm avoidance all the contribution of the dopamine, serotonin, and norepinephrine genes is approximately comparable.
nificant at p50.01, and five were significant at p 50.05. Finally, for self-transcendence, four genes, DRD4, GABRA1, CD4, and AR, were significant at p50.01, and 16 were significant at p50.05. Thus, for the seven traits, the number of genes significant at p5 0.01 ranged from one to seven, and the number significant at p 50.05 ranged from eight to 13. This is consistent with a modest, but certainly not dramatic, difference in the number of significant genes for the seven traits. Of the genes significant a p5 0.01, seven genes, DRD4, TPH, PNMT, CNRA4, ADOR2A, CYP19, and OXYR, were involved in more than one trait. These repeated genes were evenly distributed among the different functional groups of genes. As shown in Fig. 2A ,B, even among those genes that were significant at p 50.001, they rarely accounted for more than 5% of the total variance of a given trait. On average, the significant associations accounted for only 1.5 -3.5% of the variance.
Total r 2 for functional groups of genes
By contrast to individual genes shown in Fig.  2A,B, Fig. 3 shows the relative contribution of each of the functional groups of genes. This is expressed as the percentage of the total r 2 for all of the genes for a given trait divided by the total r 2 for a given functional group of genes. Thus, the total percentage for the nine functional groups of genes is 100. This showed that the total r 2 for a functional group commonly accounted for 15-35% of the total explained variance and averaged 5-10%. Self-transcendence had the highest total variance for dopamine genes, persistence had the highest for serotonin genes, reward dependence had the highest for NE genes, novelty seeking and self-transcendence had the highest for GABA genes, reward dependence had the highest for opioid genes, self-directedness had the highest for other neurotransmitter genes, reward dependence and self-transcendence had the highest for other genes, cooperativeness had the highest for sex hormone genes, and reward dependence had the highest for other hormone genes. However, the characterization of the different traits is far more complex than simply identifying which traits show the highest total variance for different functional sets of genes. Fig. 3 by showing the ratio of the total variance for each group of genes compared to the total variance for each of the remaining groups of genes for each trait. Ratios that are infinite have been left out. Thus, instead of just showing the total variance for each functional group of genes by itself (as in Fig. 3 ). This shows the magnitude of the total variance in relation to each of the other groups of genes; the higher the Fig. 4 . The ratios of the total variance for each of the nine different functional groups of genes to the total variance for the remaining groups of gene. Among other things, this shows that the ratio for the dopamine gene compared to the other gene groups tended to be highest for novelty seeking, persistence, and self-transcendence. The ratio for the serotonin genes compared to the other gene groups was highest for novelty seeking, persistence, and self-directedness. The ratio for the norepinephrine gene compared to the other groups of genes was highest for reward dependence, persistence, and cooperativeness.
bars, the greater the ratio. As an example, for persistence, serotonin genes accounted for 34.5% of the total explained variance of all the genes. The ratio of serotonin to serotonin is 1. Thus, the gray bar (serotonin) for the serotonin panel for persistence (Fig. 4) shows the ratio is 1. For persistence, the other NT genes accounted for 2.7% of the total explained variance for all the genes. The ratio of other NT to serotonin was 12.6 (Fig. 4) . Thus, for persistence, serotonin accounted for 12.6 times more of the variance than other NT genes.
To examine the Cloninger hypothesis, we can restrict this type of analysis to just dopamine, serotonin, and norepinephrine genes for novelty seeking, harm avoidance, and reward dependence. Doing this shows that the ratio of the dopamine genes to the other groups of genes was highest for novelty seeking. The ratio of the serotonin genes to the other groups of genes was also highest for novelty seeking. By contrast, the ratio of the norepinephrine genes to the other groups of genes was highest for reward dependence. When all of the groups of genes and all of the traits are examined, other features are of interest. For example, the ratio of the serotonin genes to the other groups of genes was highest for novelty seeking and persistence, the ratio of the GABA genes was highest for novelty seeking, the ratio of the other NT genes was highest for self-directedness, the ratio of the other genes was highest for reward dependence and self-directedness, the ratio for the sex hormone genes was highest for cooperativeness, and the ratio for other hormone genes was highest for novelty seeking.
Total r 2 for all genes
Although it is a maximized estimate, the total r 2 accounted for by the 59 genes examined is of some interest. This varied over a relatively narrow range from 32.5% of the variance for harm avoidance to 41.3% for reward dependence, with p values ranging from 1.9 ×10 − 4 to 5.5 ×10 − 6
. Specifically, the total r 2 was 0.38 for novelty seeking, 0.32 for harm avoidance, 0.41 for reward dependence, and 0.32 for persistence. The average total r 2 for the four temperament traits was 0.36. The total r 2 was 0.39 for cooperativeness, 0.33 for self-determination, and 0.39 for self-transcendence. The average for the three character traits was 0.37.
Genotype variation
The final important characterization of polygenic disorders was the variation in the genotypes utilized for different traits ( Fig. 2A,B) . As an example, the TPH gene was scored 201 in novelty seeking and harm avoidance, but scored 012 in persistence. The DAT1 gene was scored 012 in self-transcendence, but scored 210 in self-directedness. Many other examples of the same genes using different genotypes for different traits can be seen.
Discussion
Complex polygenic disorders have been particularly recalcitrant to analysis using the family-based techniques commonly employed for single gene disorders. For example, in a recent study of autism using a large number of sib pairs, Risch et al. (52) concluded that 'alternative methods of analysis are required'. Since polygenic disorders are due to the effect of multiple genes, we propose that the most parsimonious approach is to examine the effect of multiple candidate genes using association studies. Since each gene contributes to a small percentage of the total variance, and since genetic heterogeneity is so great, it may also be more productive to examine the relative role of functional groups of genes than to hold individual genes to a standard of replication they can never attain. All the advantages of identifying individual genes -understanding the cause, pathophysiology, and most important, treatment -can be attained using the MAA technique. For example, if a given behavioral disorder is found to be predominately due to a combination of serotonin and NE genes, treatment can focus on drugs that modify both of these neurotransmitter systems.
Test of the Cloninger hypothesis
The present results partially support the unmodified Cloninger hypothesis in that over 25% of the total explained variance of reward dependence was due to norepinephrine genes, and this was the most prominent of the nine groups of genes examined (Fig. 3) . The unmodified Cloninger hypothesis was not supported for novelty seeking or for harm avoidance. For novelty seeking, the serotonin genes contributed to a greater percentage of the variance (22%) than the dopamine genes (12.5%), and for harm avoidance, all three groups of genes were about equally represented. The modified Cloninger hypothesis was partially met in that the norepinephrine genes accounted for the largest percentage of the variance for reward dependence, and when restricted to only examining novelty seeking, harm avoidance, and reward dependence, the ratio for the dopamine genes to other groups of genes was highest for novelty seeking (Fig. 3) . When other sets of genes were included, the modified Cloninger hypothesis was not supported for novelty seeking, since the other hormone genes accounted for the highest percentage of the variance, and the serotonin genes accounted for a greater percentage of the variance (22%) than the dopamine genes (12.5%). The modified Cloninger hypothesis was also not supported for harm avoidance, since the total variance for the serotonin genes was less than for the norepinephrine and other hormone genes.
The third hypothesis, that each of the nine groups of genes all play a role in most of the personality traits and that some genotypes may be positively correlated with one trait, but negatively correlated with a different trait, came closest to explaining the data. Thus, with the exception of an absence of a contribution of the opioid genes in harm avoidance, persistence, and self-transcendence, and an absence of a contribution of other NT genes in self-transcendence, each of the functional groups of genes played a role in each of the seven traits. We anticipate that the failure of the opioid and other NT genes to contribute to some of the traits may disappear as more genes in these groups are studied. In addition, as shown in Fig.  2A ,B, the gene coding for specific genes varied among the different traits, indicating this was almost as important as which genes were involved.
Other personality traits
While we have emphasized novelty seeking, harm avoidance, and reward dependence in testing of the Cloninger hypothesis, the results for the other personality traits were of interest. We were intrigued by the considerable role of dopamine genes, and the DRD4 gene in particular, in spiritual transcendence. Dopamine receptors, including the D 4 receptor (53) , play an important role in the function of the prefrontal cortex. Spirituality may especially utilize the prefrontal cortex and thus predominantly utilize dopaminergic systems.
It is of note that the cooperativeness score tends to be much higher in women than in men (27) . In this regard, the finding that three different sex hormone genes were significant and that the total variance attributed to the sex hormone genes was higher for cooperativeness than any other of the seven traits is of interest. Also, Cloninger (28) suggested that serotonin genes would be involved in persistence. We found that this was the case. Three serotonin genes, the serotonin transporter, HTR2A, and TPH were all significant ( Fig. 2A) . For persistence, the total r 2 was highest for serotonin genes (Fig. 3) , and the ratio of other groups of genes to serotonin genes was highest for serotonin genes (Fig. 4) .
Relative genetic influence on temperament versus character traits
Cloninger (28) has suggested that the character traits may have more of an environmental influence and less of a genetic influence than the temperament traits. However, on the basis of twin studies, Kirk et al. (54) have estimated that the heritability of self-transcendence is 0.37 in males. While the above results for the total r 2 values suggest a comparable genetic contribution for all of the TCI traits, studies with additional genes are necessary before finalizing such conclusions.
Future directions
The present study is designed to illustrate some of the potential advantages of simultaneously examining the effect of multiple genes on a given phenotype. We view this as only an initial attempt to examine multiple genes simultaneously. The following are a number of potential future directions and issues that require further study.
More cases. When small effects are involved, as is the case for each gene in polygenic inheritance, an increase in the number of cases studied helps to decrease errors due to random effects. Thus, the single most desirable future direction using the MAA technique for behavioral or other variables would be to increase the N or merge results from different investigators using the same instrument and the same polymorphisms. Alternatively, the results from different studies could be compared.
A priori considerations. The power of a result is usually considered to be greater if there is an a priori reason to believe a specific gene may be involved for a specific phenotype. However, given the enormous complexity in neuronal interactions in the central nervous system, virtually any gene affecting the function of any neurotransmitter, neuropeptide, hormone, or secondary messenger system could be involved. This is the value of a technique that screens the relative effectiveness of a number of candidate genes.
Examination of more genes. The addition of more genes has the advantage of identifying genes or groups of genes that previously had not been considered as playing a role in a given phenotype. Thus, the role of hormone genes and other neurotransmitter genes in several of the traits, as shown in Fig. 2A,B , probably would have been missed using a purely a priori approach. The choice of the genes we used was partially dependent upon which polymorphisms were available for the respective candidate genes. In this study, many important candidate genes were missing. However, in a relatively short period of time the number of candidate gene polymorphisms should at least double. With the identification of new SNPs, a much larger number of genes can be included in future studies. While the inclusion of an additional 60 -100 candidate genes could account for a significant proportion of the genetic variance of these and other behavioral traits, adding more genes also increases the need for adding more cases and for replication studies to separate those genes or groups of genes that are real from those that are random effects.
Examination of more polymorphisms per gene. The rapid increase in the identification of SNPs will also allow the use of more than one polymorphism per candidate gene. This would allow a maximization of the true role of each gene in different phenotypes. To further maximize the role of each gene, future studies could examine approaches to testing the role of individual alleles in the short tandem repeat polymorphisms, rather than grouping them into two allele groups by size, as was done here.
Gene coding. As discussed above, performing the gene coding on the same set of subjects as the analysis allows the relative effect of each gene or functional group of genes to be examined, but inflates the total variance for all the genes and increases the chances of random errors. The best way to avoid this would be to use a separate portion of the sample for coding the genes. This will require future studies with a much larger sample size. Although the use of multivariate regression analysis eliminates the need for a Bonferroni correction for the number of genes examined, this would be more rigorous if the gene coding was performed on a separate sample. In a previous study, we utilized the MAA technique to examine the role of 20 dopamine, serotonin, and norepinephrine genes in ADHD and used gene coding based both on a different sample and the same sample (3). While the results were generally the same for both, more genes were included in the regression analysis with samesample scoring compared to different-sample scoring. This may be due either to the great genetic heterogeneity of polygenic disorders or to random effects, or both.
Replication. Because of the genetic heterogeneity of polygenic disorders, it is anticipated that attempts at replication will show more variation for individual genes than for the ratios of the total variance for functionally related groups of genes. This is based on the assumption that to a certain degree, different genes within a functional group may be substituted for each other. We suspect that the small percentage of the variance attributable to each gene and genetic heterogeneity, rather than hidden ethnic stratification, is the major reason why studies of the role of single genes in polygenic behavioral disorders are so variable and difficult to replicate.
Implications for treatment. This approach can not only provide important insight into the genetic etiology of behavioral disorders, but can also provide clues to treatment. For example, Cloninger et al. (27) have shown that self-directedness and cooperativeness are more strongly negatively correlated with a range of personality disorders than any of the other TCI traits. The results shown in Fig. 2B show that both of these traits utilized 'other neurotransmitters' more than any of the other traits. Personality traits are classically difficult to alter using standard psychotropic medications. These results suggest that medications that target one or more of these other neurotransmitters might provide effective treatment for one or more personality disorders.
In summary, we believe that the MAA technique may provide a useful new approach for studying the genetics of complex disorders. It meets the dictum that the best way to study disorders that are due to the combined effect of multiple genes is to examine the combined effect of multiple candidate genes.
